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ABS TRACT 

A spherical reaction member for a three-axis attitude control 

is described and compared with the common one-axis flywheel system. 

Special problems are considered; such as,control of the space vehicle 

with the spherical reaction member, torquing the sphere, supporting 

i t  by a bearing, and measuring i ts  speed. 
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1. INTRODUCTION 

1x1 case of the  use of three s ing le  flywheels, the t o t a l  angular 
momentum necessary fo r  the s p a t i a l  a t t i t u d e  control  of the vehicle  
w i l l  be separated i n t o  the three components i n  the  d i rec t ions  of the 
three mutually orthogonal flywheel axes. However, i f  the d i rec t ions  
of the t h e @  body-fixed flywheel axes change, due t o  a reor ien ta t ion  
of the space vehicle ,  another separation of the total '  angular momentum 
according t o  the reoriented flywheel axes has t o  take place. 
s u l t  i s  a coupling e f f e c t  between the three  flywheel control  systems 
of the space vehicle ,  ac tua l ly  connected with any a t t i t u d e  change, 
and a behavior which is  undesirable from the viewpoint of power r e -  

The re- 

, 

I qUfKQarYentS. 

The pr incipal  requirement which a cont ro l  system of a space 
vehicle  has t o  f u l f i l l  i s  t o  c rea t e ,  t o  compensate, o r  t o  counteract 
an angular momentum of the  space vehicle.  This angular momentum may 
possess any d i rec t ion  i n  space; i t  depends on dis turbing torques the 
space vehicle has experienced and on reor ien ta t ion  requirements. 

A very a t t r a c t i v e  method t o  exer t  control  torques t o  a space 
vehicle  i s  given by the i n e r t i a l  react ion torque pr inciple .  
of the C O U I ~ ~ I Q ~ ~ ~  known solut ions t o  apply t h i s  pr inc ip le  i s  t o  provide 
three separate flywheels with motors i n  a mutually orthogonal arrange- 
mentl92. Such a combination of three one-axis systems seems t o  be a 
straight forward approach from the viewpoint of three-axis control.  

One 

2. 

The foregoing considerations reveal  t h a t  a d i r e c t  control  
of the t o t a l  angular momentum without having t o  separate  it i n t o  
components is most preferable ,  not only t o  avoid coupling e f f ec t s  but 
a l so  t o  reduce the number of the flywheels from three  t o  one. 

The solut ion to t h i s  problem of d i r e c t  control  of the angular 
momentum vector i s  the spherical  control  mator, which may be con- 
s idered as io three-axis flywheel motor system. The sphere, which 
should be hollow from the viewpoint of a high moment of i n e r t i a  t o  
weight ratiO, 
dom of rotat ion.  
are fixed t o  t5e bearing or t o  the space vehic le ,  replace the three 
motors of the  one-axis flywheel system. 

has t o  be mounted i n  a bearing which gives f u l l  f r ee -  
Three mutually orthogonal arranged torquers ,  which 

k e  t o  the i dea l  symmetry cha rac t e r i s t i c s  of the  sphere, the  
csntroll of each body axis is  independent of the other  two axes, i f  
coupling e f fec ts  of the sensing and torque exc i ta t ion  system can be 
disregarded. 
control  motom: w i l l  be investigated: 

I n  the following,the main problem areas of the spherical  
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1. t he  requirements for s t a b i l i t y  of the control 
mot ions, 

2. the  speed measurement on the  sphere, 

3. the suspension methods for  the spherical  f l y -  
wheel, 

4. the  torquing methods of the sphere.  

2.1 Principal  Requirements fo r  S t a b i l i t y  of the Control 
Motions 

Assuming tha t  it w i l l  be possible t o  obtain mutually in- 
dependent control  of the torques with respect  t o  the three main axes 
of the  vehicle,  it w i l l  be su f f i c i en t  t o  inves t iga te  the  control  be- 
havior of one axis.  

I n  t h i s  case the control cha rac t e r i s t i c s  a r e  the same as of 
a s ingle  flywheel react ion type system described i n  Reference 2. 

The following deprivation fo r  a l i nea r  control  system with 
constant r a t i o  of the input signal t o  the output torque is applicable 
t o  any type of motor which can be described by l i nea r  d i f f e r e n t i a l  
equations. 

The equation of torque equilibrium about the axis to be 
control led gives 

I sv  # + 
Ifa = 0 

w i t h  

Isv = moment of i n e r t i a  of space vehicle  about axis t o  
be controlled 

If = moment of i n e r t i a  of spherical  flywheel 

4 = angular displacement of space vehicle , )  measured i n  a 
input s igna l  ) space d i rec t ion  

) f ixed system 
a = angular displacement of flywheel ) .  

Dots above var iables  denote time derivatives.  

The input s ignal  should be d i f f e ren t i a t ed  t o  provide pro- 
per damping of the control mode, Sampling type or  d i g i t a l  type di f fe ren-  
t i a t i n g  methods a re  preferable  to  the commonly used analog methods i n  
form of RC networks or t o  r a t e  gyros since unusually low control  f r e -  
quencies a re  desirable  from the viewpoint of low power needs. Thus, the 
input s igna l  # and i ts  derivative w i l l  cause, a f t e r  proper amplifi-  # 
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cation, the necessary motor torque and the compensation of the inherent 
damping of $he 
gular rate a - 4 : otor, which might be modified by a feedback of the an- 

Equations (1) and (2) yield the characteristic equations 

s2 = 0 

and s 2  + s 0 (1 Is, + . If 
The two poles at s = 0 allow for two initial conditions with 

respect to Q! and a .  
of no concern, whereas the initial value of the flywheel speed Q should 
be zero* in order to have symmetrical starting conditions for the opera- 
ting range of the control system, 
control system is sufficiently described by Equation (3b). 

The initial displacement a of the flywhe51 is 

Thus, the stability of the flywheel 

Equation (3b) indicates that the system behaves like a damped 
pendulum with the undamped natural frequency 

fc = - 

and the relative damping ratio 

The use of non-linear control characteristics such as amplitude de- 
pendent gain factors or a properly selected response zone will improve 
the overall efficiency of the control circuit. The former method re- 
sults in reduced power requirements, while use of a dead zone permits 
conditional stability without special damping requirements. 
control power will be necessary when passing through the dead zone. 

Further, no 

, 
*A steady state condition ( = a = $=  0) may arrive at rela- 

tively high values of &due to angular impulse of the 
space vehicle or a one-directional perturbation torque. In order to 
avoid in the described linear system a large attitude angle+ required 
to satisfy Equation (2),a feedback of the motorspeed is essential to 
compensate for the emf of the motor. 
can only be attained by a sufficiently high al gain factor. 

In this case, where e = 0, damping 
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2.2 Speed Measurements on the Sphere 

I f  conditfonai s t a b i l i t y  of the control  loop due t o  nonl inear i t ies  
does not give s u f f i c i e n t  dynamic s t a b i l i t y ,  damping of the control  loop 
can, i n  addi t ion t o  the inherent damping of the sphere due t o  losses ,  be 
provided by a s igna l  proportional t o  the  speed of the sphere as  mentioned 

I i n  paragraph 2,I.Such signals may be derived by one of the following methods: 

a. Bolmeter type pickups as shown i n  Figure 1: On a sphere 
r o t a t i n g  i n  a i r ,  an a i r  flow exists along the  surface which can be used 
f o r  cooling of a heating element. Its temperature difference measured by 
thermocouples OR both ends i n  a bridge c i r c u i t  produces a s igna l  which is 
c lose  t o  a l i nea r  fumt ion  of the speed of t he  sphere. 

b. Inductive types of pickups as shown i n  Figure 2 on a 
smooth sphere: The exc i ta t ion  a,c.  flux((), along the path a-b-d-e 
does not induce any voltage i n  c o i l  c as ong as the sphere does not 
r o t a t e  around the axis normal to  t h e  magnetic flux. Such a ro t a t ion ,  
however, w i l l  d i s t o r t  the magnetic f l u x  d i s t r ibu t ion  due t o  eddy currents  
i n  the  sphere. The magnitude of voltage induced due t o  the  unsymmetrical 
f l ux  d i s t r ibu t ion  i n  c o i l  c of the middle core w i l l  be c lose  t o  a l i nea r  
function of the speed of the  sphere and i ts  phase with respect t o  the 
exc i t a t ion  voltage allows a discrimination of the  speed direct ion.  

mis can be shorn by the.following consideration, which is  v a l i d  when 
a modest speed of the  sphere and thus a negl ig ib le  current  sk in  e f f e c t  pre- 
v a f l .  Then the magnetic f lux  
s t a n t  and produces an emf i n  t e ro ta t ing  sphere proportional t o  i t s  speed. 
S i :~e  the  sphere is an e l e c t r i c a l  conductor, t h i s  induced emf causes a 
c r r e n t  densi ty  and ampere turns again proportional to  the speed of the  
sphere and d i rec ted  i n  such a way tha t  a magnetic cross  f lux  #c is  crea ted  
which induces a proportional voltage i n  c o i l  c. 

roduced by the exc i t a t ion  coils i s  con- te 

c. K a g ~ e t f c  or op t i c  pickups measuring the  t i m e  i n t e r v a l  
of pulses produced by a pa t te rn  marked on the  sphere. 
not look very promising s ince  r e l a t i v e l y  complex measuring and speed 
d i r ec t ion  discriminating electronics  have to be used. 

Both methods do 

2.3 Suspension Methods f o r  the Spherical  Flywheel 

An a i r  bearing consisting of two or  more spher ica l  calotte 
I bearings as shown i n  Figure 3 provides an almost torque-free support 

and center ing fo r  the  sphere. 

t r ans l a t iona l  accelerat ions of khe space vehicle  occur, the  a i r  pressure 
and the consumption of c i rcu la t ing  a i r  can be kept very low.  The r e s u l t  
is a low power consumption fo r  the a i r  bearing and l o w  aerodynamic torques 
even a t  a high speed of the sphere. 

Since t he  flywheel control  methods w i l l  
I . only be applied during f l i g h t  periods i n  which very low angular and 

’ 
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The air-surrounded sphere w i l l  produce windage losses  which 
a re  approximately proportional t o  the square of the speed. A nonlinear 
damping r e su l t s  fo r  the control  motions; however, the  magnitude i s  very 
small due t o  low viscos i ty  of the air .  

Another p o s s i b i l i t y  to  support the  sphere is  by means of mag- 
n e t i c  suspension as indicated i n  Figure 4 .  
l i z ing  co i l s  with magnetic cores fo r  the  magnetic f lux  allow the  proper 
centering of the sphere, which has t o  be made from magnetic material. 
b A & h n  i n  Figure 4B, control  c i r c u i t s  f o r  the s t a b i l i z i n g  currents  
may be used which are control led from the  inductance changes of the 
s t ab i l i z ing  c o i l s  due t o  a i r  gap var ia t ions .  

A set of four or  more s t a b i -  

It w i l l  be shown later t h a t  it is  possible  to,combine the  mag- 
ne t i c  suspension system with an a-c torquing system (Figure 5). 

The magnetic f lux  needed fo r  suspension causes hys te res i s  and 
eddy current losses i n  the ro t a t ing  sphere; the f i r s t  of which is  pro- 
port ional  t o ,  t h e  second, a square function of the speed of the sphere. 
From the viewpoint of desirably s m a l l  power requirements, both losses  
should be kept small; e.g., by using a steel powder, s in t e red  sphere. 
The low angular and t r ans l a t iona l  accelerat ions expected during the 
f l i g h t  phase In which flywheel a t t i t u d e  control  i s  feas ib le ,  allows 
low density magnetic f i e l d s  fo r  bearing constraint .  This f a c t  a l so  
contributes towards keeping the losses  small. 

A spec ia l  type of magnetic bearing i s  the  superconductive mag- 
n e t i c  bearing. Below ce r t a in  temperatures c lose  t o  absolute zero,  
some conducting mater ia ls  do not have any e l e c t r i c a l  res is tance.  The 
same s t ab i l i z ing  arrangement as mentioned above, of s t a b i l i z i n g  c o i l s  
and sphere, can be applied with minimum power losses  i f  the  s t a b i l i z i n g  
c o i l s  and the sphere or  i t s  surface a re  made of superconductive mater- 
i a l s  such as niobium, t i n  o r  i t s  alloys3. 

The dynamic balancing of the sphere,  espec ia l ly  of a hollow 
one, presents a problem. 
smooth from the viewpoint of windage losses, balancing would be achieved 
by removing mater ia l  from the inside of the sphere. 
should be assembled of two halfspheres,  which unfortunately aggravates 
the machining tolerance problem and produces a magnetic and e l e c t r i c  
dissymmetry of the sphere. 

Since the surface of the  sphere should remain 

Thus, the sphere 

The magnetic bearing with l o w  pressure or vacuum conditions i s  
almost insensi t ive t o  small outs ide c a v i t i e s  from halancing the  sphere. 
Considering also the low losses of the magnetic suspension method, i ts  
application i s  m o s t  promising for  the subject  purpose. 

2.4 Torquing Methods for  the Sphere About Three Mutually 
Perpendicular Axes 

The main problem i n  providing torquers i s  given by the f a c t  
t ha t  the sphere may assume any posi t ion with respect  t o  the torquers. Thus, 
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the  sphere should e i t h e r  be used with a smooth surface or with pronounced 
markings ( e i the r  by magnetizing or  by mil l ing of recessions)  of a r e l a -  
t i v e l y  high number i n  order to avoid p r e f e d a x e s  of ro t a t ion  which re- 
s u l t s  i n  an undesirable coupling e f f e c t  of the control  axes. 

One method t o  torque the sphere i n  the demanded manner i s  by 
m e a n s  of a i r  nozzles. The disadvantage of t h i s  method is t h a t  t he  re- 
quired torques can only be produced very i n e f f i c i e n t l y  and thus,  require  
considerable power. Pockets i n  the surface of the sphere of course w i l l  
increase the  turbine effect ;  but ,  they a l s o  w i l l  increase the  windage 
losses. 

The most promising torquing method is by e l e c t r i c a l  means 
(see Figure 3). Two or m o r e  phase a.c. torquers can produce torques due 
to hys te res i s  and eddy current  e f f ec t s  on the  magnetic sphere. 
garding the  losses  i n  the s t a t o r  of the  motoqthe following re la t ionship  
exists f o r  an induction, eddy current or hys te res i s  type motor: 

Disxe- 

with N1 = input power 

Nze1 = losses in ro tor  

Nhech = mechanical power output of ro to r  

d = s l i p  of rotor 

(5) 

If a c e r t a i n  torque T a t  a defined speed n is demanded, the cor- 
zrrponding output power is (with ns = synchronous speed) 

N2mech = T.n = ms (1 -a) 

or  with Equation ( 5 )  it  w i l l  be 

Equation (7) says t h a t  the input power of the  motor w i l l  be pro- 
This means por t iona l  t o  the  se lec ted  synchronous speed of the motor, 

t h a t ,  f o r  a particular m a x i m u m  torque requirement and s to rab le  angular 
impulse, the  synchronous speed should be se lec ted  as low as possible  
t o  avoid unnecessary power demands and, as Equation (8) shows, unnecessary 
losses. 

Fox control  purposes it w i l l  be advantageous i f  the  motor produces 

The hysteresis  motor f u l f i l l s  t h i s  require-  
a torque as a function of the control s igna l  and independent of the  
ac tua l  speed a f  the ro tor .  
ment best ;  however, f o r  prac t ica l  reasons only a combination of t he  
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hysteresis and the induction or eddy current type motor can be realized. 
A search for materials must be undertaken which will allow a favorable 
combination of torques from the hysteresis and the eddy current effects. 
The application of sintered or baked magnetic material (ferrites) with 
high hysteresis and low eddy current losses for the outer layer of the 
sphere seems to be very desirable. Figure 5 shows a cross section 
through such a sphere which is hollow and uses plastic or metallic 
material to support the sintered magnetic hull and, if necessary, to 
contribute to the required amount of inertia of the sphere. 

It may be mentioned here that a combination of the magnetic 
torquer and the magnetic suspension is possible, which reduces the 
number of control coils. 
phase which has an almost constant excitation. 
used as bearing coil for the magnetic suspension as indicated in Figure 5 .  

The magnetic torquer needs at least one 
This same phase can be 

A special magnetic torquing method is given by applying the 
superconductivity principle. 
torques on the smooth surface of a sphere because the superconductive sur- 
face acts like a perfect magnetic shield. Thus, the surface has to be 
marked as symmetrically as possible by spherical recessions, which form 
a kind of poles. In order to obtain a high number of such poles with a 
highly symmetrical distribution, the patterns of regular polyhedrons, 
such as a icosahedron or a dodecahedron,will be used directly or with 
additional poles which further subdivide the polyhedral surfaces. 

In this case, it is not possible to produce 

The advantage of the superconductive principle is that no 
losses occur in or on the surface of the sphere and that practically 
no operating power is necessary to maintain any speed of the sphere, 
which is in a very low vacuum due to the superconductive temperature. 

The greatest difficulty and disadvantage of the superconductivity 
principle is foreseen in the complexity of the torque control system. 
Due to the impossibility of having a symmetrical pattern of the poles 
in all gzeat circles of a sphere, each individual torquer coil will need 
its own position sensing and current control system. 

2 . 5  Characteristics of the Spherical Flywheel and 
the System of Three One-Axis Flywheels 

The parameters which influence the selection of an actuation system 
are too manifold to establish clear dividing lines for the feasibility of each 
actuation method. 

Thus, some of the common and some of the distinguishing characteris- 
\ tics of the spherical and the one-axis flywheel systems will be considered 

in this paragraph and the most important comparison viewpoints valid for the 
selection of either system will be given. For a specific attitude control 
system only a thorough analytical investigation can reveal the proper actua- 
tion system, 

Those requirements for an attitude control system with flywheel 
actuation which depend on the size of the space vehicle will be considered 
first. 
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fxom nuclear sources 

heat rad ia t ion  area 

weight of space vehicle ,  
f fywheel and reac t ion  
motor 

m a x i m u m  torque of f l y -  
xheel motor 

moment of i n e r t i a  of 
space vehicle  and f l y -  
wheel 

perturbation torques 
cog., so la r  rad ia t ion  

g r  av i t a t  i on a1 (dumb - 
be1l)effects  

i t t e r n a l  moving pa r t s  

reor ien ta t ion  control  
torques 

Table I presents the growth fac tors  of cha rac t e r i s t i c  da ta  
fox the design of flywheel actuation systems. 
these growth fac tors  shows tha t  the actuat ion torque w i l l  increase 
with the same power as the  perturbation and reor ien ta t ion  control  
torques. However, the response of the control  system w i l l  be more 
sluggish with an increase in  s ize  of the  space vehicle ,  because the 
r a t i o  of the  maximum motor torque t o  the moment of i n e r t i a  of the  
space vehicle  is inversely proportional t o  the square of the  s i z e  
factor .  

The comparison of 

I TABEE I 

Data fo r  Design of FEy- 

power from so la r  energy 

XERISTIC DATA FOR ACTUA 

Growth with 
Size Factor d 

d2 

a3 
d2 

d3 

d3 

d5 

d3 

d5 

can be l imited 
t o  d3 or less 

can be l imi ted  
t o  d3 or  less 

Bemarks and 
Assumptions 

:hanges inversely 
J i t h  the square 
3f the distance 
Erom the  sun 

constant spec i f i c  
motor design 
fac tors  assumed 

inversely propox- 
t ional t o  t h i r d  
power of distance 
from center  of the  
ea r th  

accelerat ion 
requirements 
t o  be reduced 
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TABLE I (CONTINUED) 
GROWTH FACTORS OF CHARA 

Data for  Design of Fly- 
wheel Actuation System 

i n i t i a l  perturbation 
from separation process 

m a x i m u m  angular ve loc i ty  
aav of space vehicle  
during control mode 

power requirement fo r  
flywheel motor 

s to rab le  max angular 
impulse on flywheel 

power requirements of a l l  
space vehicle components 

L'ERISTIC DATA FOR ACT1 

Growth with 
Size Factor d 

d5 

-1 
d 

d2 

d3 

d4 
d5 

II expected t o  gro 
with a t  l e a s t  d 

'ION SYSTEM 

Remarks and 
Assumptions 

constant i n i t i a l  
angular ve loc i ty  
assumed, reduct- 
ion possible  

assumed a1 lowance 

f o r  assu ed Wsv 
prop. d -?e 

i f  Wsv would be 
cons tan  t 

f f  Wfmax prop. d'l 

change If &fmax does not 

depends on space 
vehicle  missions 

An unfavorable f a c t  i s  t h a t  the energy drawn from s o l a r  converters 
shows the  smallest  growth fac tor .  
the r e l a t i v e  power requirements of the actuat ion system i n  favor of other  
power consumers even when an increase of the r e l a t i v e  actuat ion torque i s  
required.  

Thus, i t  may become des i rab le  t o  reduce 

The torques obtainable on a spher ica l  flywheel are comparatively 
lower than t h e  torques obtainable with the separate  motor of the one-axis 
flywheel; addi t ional ly  the separate  motor can be designed with a b e t t e r  
overa l l  eff ic iency or  with lower losses .  
spher ica l  reaction type motor a re  seen mainly i n  the  f i e l d  of space ve- 
h i c l e s ,  up t o  some thousands pounds weight, such as instrumented s a t e l l i t e s  
and small manned space vehicles ,  whereas the  one-axis flywheel system w i l l  
preferably be used fo r  large space vehicles.  

Thus, the advantages of the 

Viewpoints f o r  the proper s e l ec t ion  of the  moment of i n e r t i a  of 
the flywheel, the motor s i z e ,  and fo r  s u i t a b l e  power and weight allowances 
a re  given i n  Reference 4. 
two competing flywheel systems. 
spher ica l  against the one-axis flywheel system mentioned above i n  addi t ion 
t o  some other important ones w i l l  reveal  the  best  so lu t ion  f o r  a pa r t i cu la r  
cont ro l  problem. 

They have t o  be applied t o  the  design of the 
The dis t inguishing f a c t s  of the 

Such addi t ional  dis t inguishing f a c t s  of the two types of flywheel 
systems are: 
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(a)  Space Vehicle Reorientation: the spherical  flywheel system 
gives p rac t i ca l ly  no coupling e f f e c t  of the  three 
control  axes; 
the t k e e - a x i s  flywheel system needs more power fo r  
angular impulse t ransfer  unless a space d i rec t ion  
s t ab i l i zed  base is available for  the three flywheels. 

(b) Electrical Power fo r  Flywheel Motor: the torque motors for  
the spherical  flywheel have t o  use ac; t h e i r  overa l l  
e f f ic iency  is  smaller than the corresponding ef f ic iency  
of the motors of the one-axis flywheel system, which can 
be designed for  ac or dc. 

(c) Torque Level of Flywheel Motor: the torque motors fo r  the  
spherical  flywheel cannot reach the torque leve l  of 
s ing le  axis ac or dc motors, 

(d) Flywheel Bearing: 1 Magnetic suspension i s  considerably 
more complex azd consumes more power i f  applied t o  the 
one-axis flywheel system especial ly  fo r  higher torque 
leve ls  than to the spherical  flywheel. 
- 2 A i r  bearing support i s  simpler for  the spherical  
flywheel; it requires c i rcu la tory  air-feeding system 
wiEh pump; i n  general the power requirements are 
higher fo r  larger  flywheels and higher flywheel speeds 
than with magnetic suspension. 
- 3 The l i f e t ime  of any bal lbear ing is  very l imited even 
under moderate vacuum conditions. (See also para. 2.3 of 
t h i s  report). 

(e)  Control Computer: Straight  fomard three ax is  control through 
the spherical  flywheel motor; no f i r s t -order  coupling e f f e c t s  
i f  space vehicle  has t o  be reoriented. The one-axis flywheel 
system w i l l  show coupling e f f e c t s  of the three axes, which 
i n  c e r t a i n  configurations of s tored angular momentum w i l l  
demand complex decoupling terms i n  computer. 

( f )  Using Active’Missile Components fo r  the Flywheel Mass: No 
f eas ib l e  method can be seen t o  replace the spherical  f l y -  
wheel m a s s  by ac t ive  missile components. 
allowing the  use of s l i p r ings ,  can accommodate b a t t e r i e s  and 
other  e l e c t r i c a l  equipment. 

One-axis flywheels, 

t 

i r  
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